Structure and properties of CIGS films based on one-stage RF-sputtering process at low substrate temperature by Yong Yan et al.
Structure and properties of CIGS films based on one-stage
RF-sputtering process at low substrate temperature
Yong Yan • Shasha Li • Yufeng Ou •
Yaxin Ji • Chuanpeng Yan • Lian Liu •
Zhou Yu • Yong Zhao
Received: 18 November 2013 / Revised: 17 January 2014 / Accepted: 18 January 2014 / Published online: 23 February 2014
 The Author(s) 2014. This article is published with open access at Springerlink.com
Abstract Currently, Nanjing South Railway Station
planning to implement slate roof renovation is integrating
solar cell modules into traditional roof materials to gen-
erate clean energy. Copper–indium–gallium diselenide
(CuIn1-xGaxSe2, CIGS) is one of the most promising
materials for thin film solar cells. Cu(In1-xGax)Se2 films
were deposited by a one-step radio frequency magnetron
sputtering process at low substrate temperature. X-ray
diffraction, Raman, scanning electron microscopy, energy-
dispersive X-ray spectroscopy, and electrical and optical
measurements were carried out to investigate the deposited
films. The results reveal that a temperature of 320 C is
critical for near-stoichiometric CIGS films with uniform
surface morphology. Cu-rich phase particulates are found
at less than this temperature. The sample deposited at
380 C gives well-crystalline single-phase CIGS film.
Furthermore, the electrical and optical performances of the
absorber layer are improved significantly with the
increasing substrate temperature.
Keywords CIGS  Low-temperature  Electrical and
optical properties
1 Introduction
Currently, solar panels cover the majority of the railway
station roofs and are capable of providing 7.17 MW
(megawatt) of electricity in Nanjing South Railway Station.
More and more stations planning to implement slate roof
renovation are integrating solar cell modules into tradi-
tional roof materials to generate clean energy. This system
is expected to be widely adopted in the near future because
it promotes the effective use of platform roof space, which
occupies a substantial part of a station.
Materials for efficient solar cells must have character-
istics matched to the spectrum of the available light. Light-
absorbing materials can often be used in multiple physical
configurations to take advantage of different light absorp-
tions and charge separation mechanisms.
Copper–indium–gallium diselenide (CuIn1-xGaxSe2,
CIGS) is one of the most promising materials for thin film
solar cells due to its near-optimum band gap, high optical
absorption coefficients, and long-term-stability [1]. High-
efficiency CIGS devices were prepared at high substrate
temperatures (Tsub) of [550 C, which is close to the
softening temperature of the soda-lime glass (SLG) sub-
strates [2, 3]. Therefore, deformation of glass substrate and
high manufacturing costs are incurred. In contrast to the
above, CIGS films fabricated by low-temperature-deposi-
tion processes (LTDPs) are more attractive for mass pro-
duction. This can not only reduce the thermally induced
stress on the substrate, but also offer the feasibility for
flexible CIGS solar cells on polymer sheet [4]. At present,
several studies have also reported on the properties and
device performances of CIGS films prepared by LTDPs
through three-stage co-evaporation processes [4–6]. Suc-
cess of the co-evaporation method strongly depends on the
precise control of each individual elemental flux
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throughout the fabrication process. This is a critical chal-
lenge for large-scale mass manufacture. Recently, efforts
have been made to fabricate CIGS layers by sputtering. To
further reduce the fabrication costs, a one-step sputtering
has been developed [7–10] to deposit CIGS films without
selenization. Frantz et al. [7] prepared CIGS solar cell with
an efficiency of up to 8.9 % through one-step radio fre-
quency (RF) sputtering at Tsub of 550 C. Therefore, the
validity of one-step sputtering CIGS films at low Tsub needs
to be investigated.
In our previous study [10], we reported on the effect of
Tsub on the CIGS film properties and found that a Tsub of
350 C produces a single chalcopyrite phase CIGS film.
Unfortunately, all the 80 W-deposited films are deficient in
Se due to Se’s re-evaporation, and thus unsuitable for
absorber layers. In another study [11], we demonstrated
that the films sputtered at high power do not show Se’s re-
evaporation in the annealing process. Given all this, we
improved the sputtering power from 80 to 100 W to get
high-quality absorber layers and systematically investi-
gated the structure and properties of CIGS films fabricated
at less than 380 C in this study. XRD, SEM, Raman,
optical and electrical measurements were carried out to
gain a better understanding of the relation between Tsub and
the film properties.
2 Experimental details
CIGS thin films were deposited by a one-step RF magne-
tron sputtering process. SLG substrates with the dimen-
sions of 2.5 cm 9 2.5 cm 9 1 mm were used as substrate.
Before deposition, the glass substrates were ultrasonically
cleaned sequentially with acetone, alcohol, and deionized
water. A single ceramic quaternary Cu(In0.7Ga0.3)Se2 target
with the composition of Cu, In, Ga, and Se = 25, 17.5, 7.5,
and 50 atom percent ratio (at.%), respectively, was used as
sputtering source. CIGS films were sputtered at the power
of 100 W. Sputtering was performed in a high-purity argon
atmosphere at a pressure of 0.5 Pa and an argon flow rate
of 20 sccm. To calibrate the real sample temperature and
the shown Tsub, a second thermocouple was mounted in the
front side of SLG. Based on this calibration, the Tsub was
maintained at different temperatures of 200, 260, 320, and
380 C,. The total deposition time of the films is 120 min.
The crystallinity of the films was measured by glancing
incidence X-ray diffraction with the glancing angle of 0.5
(GIXRD, PANalytical X’Pert PRO, CuKa radiation).
Compositions of the films were determined by energy
dispersive X-ray spectroscopy (EDS, INCA spectrometer)
at an accelerating voltage of 10 keV. The accelerating
voltage of 10 keV was used to give lower penetration
depth-work nearer the surface of the samples. The
penetration depth calculated by Monte Carlo simulation
was approximately 300 nm. Surface morphologies and
cross-sectional images were obtained by scanning electron
microscopy (SEM, JOEL FESEM 7001). Optical trans-
missions were measured at the room temperature using a
UV/VIS/NIR spectrophotometer (Perkin Elmer LAMBDA
900) in the wavelength range of 600–2,500 nm in 1-nm
steps. Raman scattering was performed on a HORIBA
LabRAM HR Raman spectrometer at the room tempera-
ture. The 633-nm laser line was used as the excitation light
source, and the diameter of the laser spot is about 1 lm.
Hall Effect and conductivity measurement were carried out
on an ET 9003 using the Van Der Paw method. The con-
ductivity of the films was measured in the 50–300 K range.
For the electrical measurement, silver-painted electrodes
were used as electrical contacts.
3 Results and discussion
3.1 Morphology and composition
Figure 1 shows the surface morphologies and cross-sec-
tional images of the CIGS thin films deposited at different
temperatures. A CIGS film, deposited at 200 C (Fig. 1a),
shows pebble-shaped particles homogeneously distributed
on the surface. The average size of the particles is in the
range of 1–3 lm. The compositions of the particle and the
back ground film were determined by EDS, and the
results are summarized in Table 1. The EDS results reveal
that the grains contain a much higher content of Cu
(45.4 at.%) than that of the film (25.7 at.%). The Ga and
In contents in the grains are lower. The compositional
difference might be correlated to the faster diffusion
velocity of copper than that of indium and gallium [12].
As the Tsub is elevated to 260 C, the particles exhibit
clear boundary and decreased sizes. The Cu content in the
particles decreased significantly, and the Se content
increased notably. Meanwhile, a compositional change of
the background film is not so obvious. For the films
deposited at 320 and 380 C, Fig. 1c, d shows a uniform
and compact morphology, with no particles being dis-
tributed on the surface. Both the CIGS films exhibit near-
stoichiometric composition. The composition of the
380 C-deposited film is stoichiometric with Cu23.7In20.8-
Ga5.8Se49.7, which implies a high crystalline quality and a
small amount of native defects in the film.
Figure 1e–h denotes the corresponding cross-sectional
SEM images of the deposited films. All the CIGS films
exhibit compact structure, an no cracks and pinholes can be
observed throughout the film. The thickness of the films is
about 1 lm. The detailed microstructure from the film
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surface down to the bottom can be clearly observed in the
SEM cross-sectional images. Figure 1g, h reveals that the
320 C-deposited film consists of densely packed
featureless-shaped grains, and that the 380 C-deposited
film is composed of polyhedral grains with a uniform size
of about 200 nm.
Fig. 1 Top view (a–d) and cross-sectional (e–h) SEM images of the CIGS films on glass substrates obtained at various temperatures: 200 C (a,
e); 260 C (b, f); 320 C (c, g); and 380 C (d, h), respectively
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The above results reveal that near-stoichiometric and
compact CIGS films can be deposited by the one-step RF
sputtering at low Tsub. However, the Tsub cannot be too low,
as at 200 C, a Cu-rich phase is formed on the film surface.
This Cu-rich phase usually acts as recombination center in
the CIGS solar cell device and deteriorates the device
performance. The Cu-rich phase needs to be removed
during the fabricating process of the CIGS solar cell [13].
3.2 Crystal structure
GIXRD patterns of the CIGS films deposited at different Tsub
are shown in Fig. 2. All the deposited films exhibit three
X-ray diffraction peaks located at 26.7, 44.4, and 52.8.
These peaks can be indexed to (112), (220)/(204), and (312)/
(116) planes of the CuIn0.7Ga0.3Se2 chalcopyrite phase
(JCPDS 35-1102), respectively. All GIXRD patterns exhibit
a prominent diffraction peak corresponding to CIGS (112)
plane. The intensity of the CIGS (112) plane diffraction peak
improves with the increasing deposition temperature and
reaches its maximum value at 380 C. From the GIXRD
patterns, no other complex peak can be observed in the dif-
fraction angles ranging from 20 to 70, indicating that no
secondary phase can be distinguished by XRD.
The inset of Fig. 2 shows the full width at half maxi-
mum (FWHM) values of the CIGS films deposited at
various temperatures. As Tsub increases, the FWHM value
decreases, indicating crystalline quality improvement.





where d is the crystalline size, k is the wavelength of CuKa
radiation (k = 1.54 A˚), B is the FWHM of the (112) peak,
and hB is the Bragg angle. The calculated grain sizes are
123, 161, and 194 nm for the 260-, 320-, and 380 C-
deposited CIGS films, respectively. It reveals that the
crystalline size increases with the elevating Tsub.
Raman spectroscopy is considered as an appropriate
method to assess the structure of a few material phases,
which are difficult to be identified by XRD. Figure 3 depicts
micro-Raman spectra of the deposited CIGS films. All the
Raman spectra exhibit a prominent peak located in the range
of 175–181 cm-1 which corresponds to the A1 mode of the
chalcopyrite (CH) CIGS phase. When the Tsub is increased,
the intensity of A1 vibration peak increases, and the corre-
sponding FWHM value decreases, indicating the improve-
ment of the film crystalline quality. Besides the A1 peak,
Raman peaks located at 212 and 229 cm-1 can also be
observed. These two peaks correspond to the B2/E and B2
vibrational modes of the CIGS phase, respectively. The
Raman and XRD results both indicate that the low-tem-
perature-deposited CIGS films in this study by one-step RF
sputtering exhibit a single-phase polycrystalline chalcopy-
rite structure without any secondary phases in the films.
3.3 Electrical properties
The resistivity (q), conduction type, and carrier concen-
tration of the deposited films were measured using the Van
Table 1 EDS spectrum of the CIGS film background and particles of the as-deposited film
Tsub (C) Film Particles
Cu (at.%) In (at.%) Ga (at.%) Se (at.%) CIG Se/M Cu (at.%) In (at.%) Ga (at.%) Se (at.%) CIG Se/M
200 25.7 24.5 7.55 42.3 0.80 0.73 45.4 13.4 3.77 37.4 2.64 0.60
260 24.2 21.4 6.73 48.7 0.76 0.95 29.4 14.5 3.24 52.9 1.66 1.12
320 21.8 20.8 6.0 51.3 0.81 1.05 – – – – – –
380 23.7 20.8 5.8 49.7 0.89 0.99 – – – – – –
CIG is Cu/(In ? Ga) ratio, and Se/M is Se/(Cu ? In ? Ga) ratio







































Fig. 2 GIXRD patterns of the CIGS thin films deposited at different
temperatures. The inset illustrates the FHWM of (112) peak versus
temperature variation
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Der Paw method at the room temperature [14]. Table 2
summarizes the results obtained from the Hall measure-
ment, which indicates that all the deposited films exhibit p-
type characteristics. As the Tsub is elevated, the resistivity
of the film increases, and the carrier concentration is
reduced. The resistivity of CIGS films deposited at 320 and
380 C are suitable for fabricating solar cell devices. Films
deposited at 260 C exhibit a lower resistivity and a higher
carrier concentration, which might be attributed to the
presence of a Cu-rich phase on the films surface [4].
The temperature (T) dependence of the conductivity (r)
was measured to identify the transport mechanisms in the
deposited films. Figure 4 shows that the conductivity of the
film increases with the elevating measurement temperature,
indicating the semiconducting nature of our CIGS films.
Figure 5 shows the corresponding depicted curves of
ln r versus 103/T of the deposited CIGS films. The related
ln r versus 1,000/T curves in the temperature range of
50–300 K present two quite different slopes, indicating that
the conductivity is affected by two different transport
mechanisms. In the high-temperature range (over 120 K),
all the curves show linear behavior, indicating a thermionic
emission transport mechanism of the films. The activation
energy Ea, which determines the potential barrier height,
can be calculated from this Arrhenius plots, and it increases
from 27 to 90.6 meV as Tsub increases from 260 to 380 C
(shown in Table 2). The Ea value of 90.6 meV is very close
to that of the CIGS film deposited by three-stage process
(98.1 meV) [15]. The Ea value of the 260 C-deposited
film is almost the same as that measured at the room-
temperature thermal energy (25.9 meV), which may be
attributed to the presence of the trace Cu2Se phase in the
film.
In the low-temperature range of 50–120 K, the curve of







where T0 is the localization temperature, which is
associated with the stoichiometry and disorder in the
films; and r0 is the pre-exponential factor. This conduction
process requires a T0/T ratio much higher than 1. Figure 6
shows the plots of ln(rT1/2) versus T-1/4. The plots are
Table 2 Hall effect results of the different CIGS films
Tsub (C) q (Xcm) Carrier concentration
(cm-3)
P/N Ea (meV) T0 (K) N(EF) (cm
-3)
260 0.438 1.81 9 1018 P 27.0 7.10 9 104 2.45 9 1019
320 7.56 7.55 9 1017 P 73.7 4.47 9 105 3.27 9 1018
380 8.23 8.97 9 1016 P 90.6 8.10 9 105 1.74 9 1018
































Fig. 3 Raman spectra of CIGS films recorded at room temperature




























Fig. 4 Temperature dependence of conductivity measurements of the
films
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linear enough allowing us to interpret the measurements
based on our belief that the films are affected by a variable
range hopping (VRH) conduction mechanism. As predicted
by Davis–Mott model, conductivity is affected by transport
in a band of localized states, where the carriers move
between states via a phonon-assisted tunneling process
[16]. This transport mechanism has already been reported










where N(EF) is the density of the localized states, k is the
Boltzmann constant, g is the decay constant of the wave
function of the localized states near the Fermi level, and m
is the Debye frequency. The two parameters T0 and N(EF)
can be evaluated from the slope of ln(rT1/2) versus T-1/4
curve and the intercept at T-1/4 = 0, respectively. Both
the T0 and N(EF) values are consistent with the proposed
model, and they are dominated by Tsub. N(EF) is related to
the density of native defects in the films since native
defects generate extra energy levels in the forbidden band,
forming the localized energy states. Because our 380 C-
deposited film has the stoichiometric composition, the
corresponding N(EF) value is as low as that of the co-
evaporated polycrystalline CuInSe2 [18, 19], indicating a
low density of the localized state at the Fermi level.
Therefore, our low-temperature-deposition method can
fabricate CIGS films with the required electrical
properties.
3.4 Optical properties
Figure 7 shows the transmittance (Tr) spectra of the CIGS
films deposited at various temperatures. Transmittance of
the 260 C-deposited film is kept at a value of 20 % in the
range of 1,500–2,400 nm, which might be ascribed to the
absorption tails of the Cu-rich particles on the surface [20].
A significant improvement of transmittance and a sharp fall
of transmittance at the band edge can be observed when the
CIGS films are deposited at a higher temperature. The
380 C-deposited film exhibits interference patterns in the






















Fig. 5 The depicted curves of ln r versus 103/T in the temperature
range of 50–300 K






































Fig. 6 The depicted curves of ln(rT1/2) versus T-1/4 in the temper-
ature range of 50–120 K





























Fig. 7 Optical transmittance of CIGS films as a function of Tsub
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uniformity of the film, since a small variation of the
thickness would destroy the fringe pattern.
For the transmission spectrum with oscillatory patterns,
the envelope method (EM) [21] can be used to calculate the
refractive index of the film. The envelopes are two curves
designated as Tr max and Tr min, which correspond,
respectively, the peaks and valleys of the interference
patterns in the transparent region of the transmission
spectrum. According to the EM, the refractive index, n, is
given by
n ¼ N þ N2  S2 1=2h i1=2; ð4Þ
where N ¼ 2S Tr maxTr minð Þ= Tr maxTr minð Þ þ S2þ1ð Þ

2;
S is the refractive index of the substrate; and Tr max and
Tr min are the transmission maximum and the correspond-
ing minimum at a certain wavelength, respectively. The
calculated n values at various wavelengths are plotted in
Fig. 8. The calculated n values are in the range of
2.61–2.72, which is close to the reported values of single
crystal CuInSe2 (n = 2.9) and CuGaSe2 (n = 2.9) [22].
Figure 7 also reveals the decrease in the refractive index at
longer wavelength in the region ranging from 1,700 to
2,200 nm.
The value of absorption coefficient (a) and band gap Eg
also can be determined from transmission spectrum as
follows:
at ¼ ln I0
I
 
; ahm ¼ k hm Eg
 1=2
; ð5Þ
where t is the film thickness measured by SEM, I0 is the
incident light intensity, I is the transmitted light intensity,
hm is photon energy, and k is a constant. Figure 9 shows the
relation between (ahm)2 and hm. The linear fit of (ahm)2
versus hm allows us to obtain the value of Eg. The inset
image in Fig. 9 shows the corresponding Eg values; they
are in the range of 1.02–1.14 eV and increase with the
increasing temperature. Higher temperature reduces the
intrinsic defects in the film and results in a smaller amount
of energy levels within the forbidden band. Thus, the
energy gap between the bottom of conduction band and the
top of volume band top increases, enhancing the Eg value.
Actually, Eg = 1.14 eV for our 380 C-deposited film is
suitable for fabricating solar cell.
4 Conclusion
CIGS films were prepared by a one-step RF magnetron
sputtering process at low Tsub. It can be concluded that
there exists a minimum suitable Tsub of 320 C. Cu-rich
particulates are found at less than this temperature. The
sample deposited at 380 C shows near-stoichiometric
composition, uniform surface morphology, large grain size
(*200 nm), well-crystalline single-phase CIGS. The
refractive indexes are in range of 2.61–2.72; the optical
band gap is determined to 1.14 eV; and the infrared light
transmission is the best. The absorber layer performances
depend on Tsub, especially the electrical properties.
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Fig. 9 Plot of (ahm)2 versus hm for the films deposited at different
temperatures. The insert shows the calculated Eg at various Tsub











Fig. 8 Refractive index (n) at various wavelengths for the 380 C-
deposited CIGS film
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